Preparation of Microtubule Protein
Microtubule protein was purified from brain homogenates of 1-3-day old chicks by a modification of the method of Shelanski et al. (19) . Brains were homogenized in a motor-driven glass-Teflon homogenizer at 0*C in l ml of 1 mM MgSO4, 2 mM ethylene glycol bis-(B-aminoethyl ether) N,N'-tetraacetic acid (EGTA), i mM GTP, lO0 mM Pipes, pH 6.9 (PM) per gram wet weight and centrifuged at 130,000 g for I h at 4°C to yield a high-speed supernate (HSS). The HSS was diluted with an equal volume of PM containing 8 M glycerol (PMG), and incubated at 37°C for 30 rain to assemble microtubules. The microtubules were collected by centrifugation at 130,000 g for l h at 25°C, resuspended in PM at 0°C (V4-t/3 the volume of the HSS) using a Dounce homogenizer, and incubated at 0°C for 30 min to depolymerize the microtubules. The solution was then centrifuged at 130,000 g for 30 rain at 4°C to pellet undissociated microtubules. The supernate from this centrifugation was called S-1 and contained oncepolymerized microtubule protein. The once-polymerized microtubule protein was further purified by diluting the S-I with an equal volume of PMG and repeating the above procedure to yield S-2, containing twice-polymerized microtubute protein. M icrotubule protein (S-l) was usually stored overnight in 8 M glycerol at -20°C.
Column Chromatography
A BioGel A 1.5-m column (Bio-Rad Laboratories, Richmond, Calif.), 36 cm × 1.5 cm, was equilibrated at 4°C with PM containing 0.1 mM GTP. Approximately 60 mg of microtubule protein (S-2) was applied to the column and was eluted With the equilibration buffer. Proteins were analyzed by determination of A ~80 and by the method of Lowry et al. (16) . When necessary, protein fractions were concentrated in collodion bags by vacuum dialysis (Schleicher & SchueU, Inc., Keene, N. H.).
For microtubule assembly, the column load and column fractions wer e adjusted to 2-3 mg protein per ml and a GTP concentration of I raM. The samples were then incubated at 37°C for 40 rain to assemble microtubules.
Electron Microscopy
In vitro-assembled microtubules were pelleted at 130,000 g for 40 min at 25°C. The pellets were fixed for 1 h in 2% glutaraldehyde in PM, postfixed, embedded, sectioned as previously described (5) , and examined with a Philips EM 300. Microtubule assembly was also assayed by negative staining with 1% uranyl acetate (18) .
Electrophoresis
Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis was carried out by the method described by Laemmli (14) . The gels were quantitatively stained for protein with the dye fast green (1 I) and were scanned at 650 nm with a Gilford Model 240 spectrophotometer (Gilford Instrument Laboratories, Inc., Oberlin, Ohio) equipped with a linear transport.
RESULTS
Microtubule protein purified by in vitro assembly procedures was shown by SDS-polyacrylamide gel electrophoresis to be composed of four major protein bands ( Fig. l) : tubulins 1 and 2, with molecular weights of 56,000 and 53,000 daltons, and MAPs 1 and 2, with molecular weights of approximately 350,000 and 300,000 daltons, respectively (2, 5, 7, 20) .
Purified microtubule protein was fractionated by molecular size with BioGel columns into two protein peaks ( Fig. 2) : peak 1, which eluted with the void volume, and peak 2, which was included in the column and eluted with a molecular weight of approximately 100,000 daltons. Peak 3 contained GTP.
Electrophoretic analysis (Fig. 3) showed that peak 1, like the column load, was composed of both tubulins and MAPs, although the MAPs were enriched in peak 1. The weight ratio of tubulins to MAPs was 15:1 in the column load and 2.4:1 in peak 1 (R. Sloboda, unpublished results). Peak 2. was composed of tubulins 1 and 2 and contained no detectable high molecular weight MAPs.
Negative staining at 4~ and electron microscopy showed that the column load (S-21 was composed of both 45-50-nm rings and 5-10-nm particles; peak I contained principally 45-50-nm rings, and peak 2 contained 5-10-nm particles. Rings were rarely observed in peak 2 fractions.
In thin sections, filaments were observed attached to microtubules assembled from peak 1 fractions (Fig. 4 a and b) . In both longitudinal (Fig. 4 a) and cross (Fig. 4 b) sections these microtubules appeared similar to microtubules assembled in vitro from unfractionated microtubule protein (5, 7). In contrast, microtubules assembled in the absence of high molecular weight proteins from peak 2 fractions had smooth walls with no filaments attached (Fig. 4 c and d) and packed together more tightly during centrifugation.
DISCUSSION
Ultracentrifugation studies (13, 171 have shown that microtubules assembled in vitro can be dissociated by cold or calcium into 6S and 30-36S components. Results reported in this study and by others have shown that cold-dissociated microtubules can be separated by molecular size using Sephadex or BioGel columns into two fractions: (a)peak 1, containing 45-50-nm rings (6, 13) and composed of tubulins 1 and 2 and MAPs 1 and 2 (6), and (b) peak 2, containing 5-10-nm particles (tubulin dimers) and composed of tubulins 1 and 2 with no detectable MAPs (6). It is likely that the 30-36S and the 6S components observed by ultracentrifugation are analogous to the peak 1 rings and peak 2 particles, respectively.
Microtubule assembly in peak 1 fractions was rapid and was detectable by electron microscopy, viscometry, and turbidity (measured at 345 nm). In contrast, very few microtubules were assembled in peak 2 fractions and this assembly was not measurable either by viscometry or by turbidity; it could only be detected by electron microscopy. Other results, not reported here, showed that rings were not present in peak 2 fractions either before microtubule assembly or upon cold dissociation of the microtubules. Microtubule assembly in peak 2 fractions could be stimulated by the addition of small amounts of peak I fractions, which contained both rings and MAPs. To determine whether this stimulation of microtuhule assembly by peak 1 fractions is due to the high molecular weight MAPs and/or the ring-shaped tubulin aggregates, it will be necessary to purify the MAPs. Recently, such a purification has been reported by Gaskin et al. (7) .
It has been shown that in vitro-assembled microtubules are associated with filaments (5, 7) which are similar to the filaments attached to microtubules in situ (4, 15, 21, 24, 25) . In the present study, these filaments were found only on microtubules which had been assembled in the presence of the high molecular weight MAPs. This shows, therefore, that the filaments are composed of the MAPs. Kirkpatrick et al. demonstrated by SDS-polyacrylamide gel electrophoresis that high molecular weight proteins are associated with intact microtubules isolated from brain homogenates (12) . This indicates that the association of MAPs with in vitro-assembled microtubules is not an artifact of the assembly procedure.
It is of interest that the MAPs which form the filaments have several characteristics in common with dynein, the ATPase which forms the arms attached to flagellar outer doublet microtubules and which provides the motile force for flagellar movement (8) (9) (10) 22) . On SDS-polyacrylamide (3, 5) , although this has not been clearly established (7) . Furthermore, it has been reported that MAP-2 is the preferred substrate for an endogenous cyclic-AMPstimulated protein kinase which is also associated with in vitro-assembled microtubules (20) .
In light of studies showing the association of neurotubules with organelles in nerve axons (21) , it will be important to determine if the neurotubuleassociated filaments, composed of MAPs, are involved in axoplasmic transport.
SUMMARY
Microtubules assembled in vitro in the absence of high molecular weight proteins (MAPs) lack the filaments which are attached to microtubules assembled in the presence of MAPs. This indicates that the filaments attached to microtubules are composed of the high molecular weight MAPs. Received for publication 24 October 1974 , and in revised form 24 December 1974. 
